Abstract: A major source of temperature variation in nearshore and benthic regions of stratified lakes is due to wind-driven tilting of the thermocline. The maximum displacement of the thermocline depends upon the wind forcing, stratification, and basin morphometry; combined these three-dimensional physical parameters give the dimensionless lake number (LN). We find that the deflection of the thermocline across the length of the basin (Dh*) is correlated to the temporally averaged LN as Dh*/2h1 = 0.37LN -1 , where h1 is the depth of the thermocline. We report field observations from Lake Opeongo (Ontario, Canada) showing that during large vertical movements of the thermocline, there are unstable temperature gradients in the benthic layer, as measured by the occurrence of temperature inversions on our thermistor strings. High-frequency waves interacting with the benthic boundary are most likely causing the temperature inversions. Measurements at two shallow slopes of S = 1% and 4%, show that inversions only occur when LN < 5, whereas for S = 8%, the inversions occur only when LN < 2.
Introduction
The wind-driven basin-scale seiche is the primary cause of daily and smaller scale temperature variability in mediumsized, stratified lakes. The basin-scale seiche causes vertical displacement of isotherms, which results in localized fluctuations of water temperature at the depth where the thermocline intersects with the lake bed. These fluctuations are ubiquitous and will therefore lead to continuous temperature variability at the depth of the thermocline. Fluctuations of a few degrees over a few hours can arise due to these motions, which directly impact the food web as the temperature fluctuations affect species morbidity and water column productivity (Finlay et al. 2001; Wilson et al. 2006; Wells and Parker 2010) . For example, smallmouth bass (Micropterus dolomieu) eggs and young larvae in Lake Opeongo are particularly vulnerable to sudden drops of temperature below 15°C (Ridgway and Friesen 1992) , and their growth and development depend on water temperature and food availability in their nesting areas (Kaevats et al. 2005) . On a larger scale, Murphy et al. (2011) finds the thermal habitat quality in coastal embayments to decrease when the embayments are in a location that is directly exposed to temperature variability due to upwellings from Lake Ontario.
Previous studies on Lake Opeongo have shown a strong correlation between environmental variability (temperature variability and wind forcing) and biological growth, diversity, and spatial location. Finlay et al. (2001) found that wind played an important role in driving temperature variability in the littoral zone of Lake Opeongo. They found that upwind sites showed more temperature variability than downwind sites, which they concluded would cause variations in the productivity of different regions of the littoral zone such as the locations of bass nests during spring. Related research by Blukacz et al. (2009) on Lake Opeongo found that the wind magnitude and direction (specifically that of 12 h before the measurement) had an important role in generating and maintaining spatial patterns in water temperature and in the spatial patterns of zooplankton and chlorophyll. In a field experiment in the South Arm basin of Lake Opeongo, McCabe and Cyr (2006) found that the diversity of benthic algal communities increased with increasing temperature variability created by internal waves in the western and eastern littoral zones of South Arm. Specifically, they measured larger temperature variability in the western end of South Arm, which was both upwind and located on a shallow slope, compared with the eastern end of South Arm, which still measured temperature variability, though less, in the downwind, steeper sloped environment.
The deflection of the thermocline in response to a strong wind stress causes large amplitude or basin-scale seiches. Initially, a sustained surface wind force will set up a horizontal pressure gradient within the lake that forces the thermocline to tilt downwards at the downwind end of the lake and upwards at the upwind end of the lake. The cessation or reduction of this wind forcing releases the thermocline from the tilted orientation so that it relaxes back to its equilibrium level. However, there is some momentum injected into the system so that the thermocline returning to its equilibrium level undergoes seiching until all the energy injected by the wind forcing is dissipated or until another wind-forcing event re-establishes a new tilt. If the seiche is large enough, exchange of epilimnion and hypolimnion water can occur. In many stratified lakes, the high sediment oxygen demand can lead to anoxia in the hypolimnetic waters, so that surface upwelling events provide the main mechanism to resupply the deep waters with oxygen. Robertson and Imberger (1994) correlated concentration of dissolved oxygen (DO) in the deep water of a lake or reservoir with a parameter called the lake number (L N ). This number is a ratio of the strength of the wind forcing to the stratification and takes into account lake volume and the details of the density profile. When L N was low (L N < 1), they found increased concentration of DO in the deep water, whereas when L N was large, DO concentrations decreased. L N was successfully used as a predictor of the changes in DO in the deep water of three reservoirs in Australia and four lakes in the United States of America. MacIntyre et al. (1999) also used L N in their analysis of boundary mixing and nutrient fluxes in Mono Lake, California. They found that enhanced boundary mixing was initiated after the L N decreased below 2 and that boundary mixing was responsible for the vertical flux of nutrients that sustained the deep chlorophyll maximum. They also found that boundary mixing was accompanied by small-scale temperature inversions. L N is a widely used parameter in limnology and can be calculated if the bathymetry, temperature profile, and local winds are known. L N is a universal parameter in that a L N of less than 1 implies hypolimnetic water will be upwelling at the upwind end of any lake. It enables generalization of physical processes across various-sized lakes with different winds and stratification.
Of critical interest to limnologists is understanding the location, frequency, and magnitude of temperature variability in the nearshore benthic boundary layer. We define the nearshore benthic boundary layer as the region close to the sediments (within a few metres) and close to the shore line (water column depths no greater than about 10 m). In this paper, we will correlate observations of temperature inversions in the nearshore benthic region with L N . An understanding of the physical mechanism causing this temperature variability will indicate the likely frequency and spatial distribution of these events in a medium-sized lake. We explore two physical processes that may energize the temperature variability: one is internal wave breaking, shoaling, and run-up in nearshore regions (MacIntyre et al. 1999; Lorke 2007; Boegman and Ivey 2009 ) and the second is shear-induced convection (Lorke et al. 2005 (Lorke et al. , 2008 . Both of these processes depend on the tilt of the thermocline and hence either or both could occur at sufficiently low L N . Internal wave breaking at the benthic boundary can occur after a large-amplitude basinscale seiche degenerates into high-frequency internal waves. This occurs if the nonlinear steepening time scale is less than the decay time scale, which will be true after L N has become small. The exact form of degeneration depends on the dimensions of the lake and the thermal structure. Shearinduced convection can occur in the boundary layer of a lake when there is upslope flow. A velocity gradient exists in the benthic boundary layer due to the velocity being zero at the lake bed and increasing with distance above the bottom. During upslope flow (upwelling), the velocity gradient means that colder water can be transported above warmer water, leading to thermal instability and convective mixing in the benthic boundary layer (BBL). The downslope flow (downwelling) induces a stably stratified boundary layer, because surface (warmer) water is being transported over the hypolimnetic water, and no convection occurs. Therefore there is a strong asymmetry between up-and down-slope flows (Lorke et al. 2005) . There is a significant difference in the spatial extent of the two mechanisms. Internal wave breaking of high-frequency waves that form on the thermocline will only break in nearshore regions that are within the washing zone of the tilting thermocline. Benthic regions deeper than the reach of the tilted thermocline will not encounter high-frequency waves that travel along the thermocline. In contrast, shear-induced convection will be possible along any part of the benthic boundary because the basinscale seiche can induce horizontal currents throughout the water column. These processes are both influenced by bottom slope (Aghsaee et al. 2010; Umlauf and Burchard 2011) as is the size of the benthic area that is directly intersected by the tilting thermocline. Thus the magnitude of the bottom slope may be an important factor in understanding the location, frequency, and magnitude of nearshore benthic temperature variability.
The three questions that we answer in this paper are (i) how the observed thermocline deflection may be easily estimated from the L N , (ii) whether the presence of temperature variability in the BBL is predicted by L N and whether basin slope is a variable in this relationship, and (iii) if the underlying cause of the temperature variability in the BBL is due to internal wave breaking, shear-induced convection, or a combination of both.
Materials and methods

Field site and instrumentation
The research was conducted in Lake Opeongo, Algonquin Provincial Park, Ontario, Canada (Fig. 1 ) between May and September 2009. Lake Opeongo is a low-nutrient, mediumsized lake typical of many Canadian Shield lakes. Lake Opeongo contains four basins with a total surface area of 58.6 km 2 . We instrumented the South Arm basin, which has a surface area of 22.1 km 2 , an average depth of 14.6 m, a maximum depth of 51.8 m, and a maximum fetch of 7.2 km (King et al. 1999; Finlay et al. 2001) , which is roughly oriented in an east-west direction. In 2009, the stratification began forming before day 150, whereas the thermocline did not develop until around day 165 (14 June, see Fig. 2c ), and fall overturn occurred near day 291 (18 October). For the greater part of this period, the thermocline was at a depth of 9-10 m.
A weather station was mounted on a very small island in the South Arm of Lake Opeongo (78°23.5′W, 45°42′N). It was operational over the whole season, except for two periods between 24 June and 14 July and 3-8 August 2009. The wind was predominately from the west, with westerly wind speeds less than 4 m·s -1 making up 34% and westerly winds greater than 4 m·s -1 making up 16% of the time period sampled (Fig. 3) . Using circular statistics, the mean wind direction was 256°N, and the mean wind speed was 3.1 m·s -1 . There was typically a strong diurnal cycle in the winds, with peak winds occurring in midafternoon.
We deployed seven thermistor chains, four containing fastresponse thermistors (RBR Ltd., Ottawa, Ontario) and three containing slower response thermistors (Onset, Bourne, Massachusetts) across seven sites in the South Arm of Lake Opeongo. The fast-response thermistors had an accuracy of at least 0.005°C, a resolution of 5 × 10 -5°C , and a response time of less than 3 s. The reported drift is ±32 s per year; however, in one thermistor, we measured a temporal drift of 53 s over the four-month deployment. The mean drift of the fast-response thermistors was 29 s over four months. We assumed a linear increase of the drift over time and applied a small and individual correction to the internal time record of the fast-response thermistors, as in Preusse et al. (2010) . The slow-response thermistors had an accuracy of 0.2°C, a resolution of 0.02°C, and a response time of 5 min. The three inshore fast-response thermistor chains (sites I1, I2, and I3; see Fig. 1 ) were situated above a range of bottom slopes (1%, 8%, and 4%). The data from these sites measured the spatial and temporal variations of temperature inversions. The water column at sites I1, I2, and I3 had a depth of 9.8, 9.8, and 9.2 m, respectively. These water column depths were chosen so that the tilting (seiching) thermocline would periodically intersect with the lake boundary at each site during the period from day 165 to day 215. For the relatively small fetch of Lake Opeongo, surface waves will not be responsible for any benthic turbulence or temperature variability at these depths. At each of these inshore sites, we placed a fast-response thermistor chain consisting of nine loggers spaced at 0.5 m intervals starting at 0.5 m above the sediment. The temperature was recorded every 4 s. A longer fast-response thermistor chain containing 16 loggers was located at site O3, with the shallowest logger at 0.85 m below the surface and the deepest at 11.85 m. The spacing of the loggers was every 0.5 m in the thermocline region and 1 m otherwise. This chain also measured temperature every 4 s, except for the lowest logger, which measured temperature and pressure every 8 s. At sites O1, O2, and O4, temperature was recorded every 5 min by slow-response thermistor chains consisting of 11 loggers spaced at 0.75 m starting at a depth of 4 m below the surface.
Estimating the thermocline deflection
Our measurement of the vertical thermocline deflection is based on the difference between the thermocline depth at sites O2 and O4. Following Finlay et al. (2001) , we define the thermocline to be the depth of the strongest thermal gradient. For earlier times in the season, the thermocline depth corresponds to the 11°C or 14°C isotherm; however, once the thermocline has fully developed, the region of maximum density gradient corresponds well with the 16.5°C isotherm. We calculate the thermocline deflection, Dh, by first calculating the isotherms from the temperature profiles at each site and then finding the height difference between sites O2 and O4 of specific isotherms. We check the linearity of the thermocline tilt by plotting the thermocline depth from each offshore site (not shown). We find that the thermocline is approximately linear along the South Arm basin. In addition, acoustic studies in the South Arm basin also show that the thermocline has a linear tilt (Derrick de Kerckhove, Department of Ecology and Evolutionary Biology, University of Toronto, Toronto, Ontario, personal communication, 2011) .
Given the linearity of the response of the thermocline to surface wind forcing, for the times when there were no wind data, we use the initial thermocline deflection as an indicator of the strength of the wind (large magnitude Dh implies stronger wind forcing) and for the direction of the wind (positive Dh means thermocline has risen at the west end of the basin implying westerly winds, and negative Dh means the thermocline has risen at the eastern end, implying easterly winds). We use Dh only to gain an understanding of the approximate wind direction and strength that set up a new thermocline tilt for times when there are no wind data. We do not use Dh to replace missing wind data in any calculations. Only an initial tilt can be used to approximate wind direction and strength that sets up the thermocline tilt because once the wind forcing reduces, the force balance between tilt and surface forcing is broken and the tilt will be released and a seiche initiated. Any subsequent strong wind forcing event may oppose the seiche motion, especially if this event occurs halfway through the seiche motion of a previously established seiche. However, in Lake Opeongo, the winds are typically strongest in the midafternoon and therefore will blow in phase with the previous day's established seiche because the period of seiching motion in Lake Opeongo is 12 h, as we will show later.
We calculate the mean (or equilibrium) depth of the thermocline, h 1 , by finding the depth of the maximum gradient of the temperature record, max(dT/dz), from sites O2 and O4 and then only keep thermocline depths that are within 1 m of each other, i.e., the times when the thermocline is flat. Therefore we have an equilibrium thermocline record that has the thermocline tilt due to wind surface forcing removed.
Comparing the lake number with the Wedderburn number
Our aim is to quantify the deflection of the thermocline in response to a strong wind stress. To begin this comparison, we have approximated the lake stratification as a simple two layer system (Fig. 4) . We denote the depth of the epilimnion as h 1 , the total depth of the basin as H, and the total length of the basin as L o . The deflection of the thermocline, Dh*, is defined as the difference between the depth of the thermocline between each end of the basin. If the wind force on the lake surface is assumed to be evenly distributed, then the constant slope of the tilted thermocline will be equal to Dh*/L o = Ri -1 , where Ri is the bulk Richardson number, Ri = h 1 g′/u* 2 (Imberger 1985) , where g′ is the reduced gravity of the two-layered system and u* is the shear stress due to wind forcing (low pass filtered by one-quarter of the basinscale seiche period; Spigel and Imberger 1980) . Therefore the amplitude of the thermocline deflection at one end of the basin (Dh*/2) is related to the wind forcing as
where the Wedderburn number, W, is defined as
The dimensionless Wedderburn number is simply the bulk Richardson number multiplied by the aspect ratio of the upper layer. The constant on the right-hand side of eq. 1 is exactly 1/2 if the lake stratification approaches a two-layer profile (as in Fig. 4) ; however, this will not necessarily be true for all lakes that do not approach the two-layer stratification of this case. In addition, Shintani et al. (2010) highlights the important effect that nonrectangular basins have on altering the conditions under which surface upwelling occurs in comparison with the simple rectangular model. The relationship in eq. 1 has been partially confirmed by Stevens and Lawrence (1997) , who measured the Wedderburn number and thermocline deflection in four different-sized Canadian lakes. L N is an integral version of the Wedderburn number, which takes into account the continuous density stratification and the exact depth distribution, in addition to comparing the strength of the thermal stratification with that of the wind forcing. L N is widely used in limnology to predict the times when a lake or reservoir can upwell. Generally, a large L N means the thermal stratification is not disturbed by the wind forcing, and a low L N means that the wind forcing is causing the thermocline to tilt, so that surface upwelling of hypolimnetic waters may occur. However, there is not a formal relationship between thermocline tilt and L N . Given the same physical reasons for the formation of an initial tilt of the thermocline in response to a uniform surface wind forcing, we can expect that the initial tilt of the thermocline will give rise to a correlation between thermocline tilt and L N , just as it has for thermocline tilt and Wedderburn number (Stevens and Lawrence 1997) . To calculate L N , you need to know the bathymetry, stratification, and surface wind forcing of the lake. L N was first formulated by Imberger and Patterson (1990) . With a co-ordinate system where z = 0 is at the surface, Fig. 3 . Wind speed and direction measured on an island in Lake Opeongo. The seasonal average wind direction was from the west (256°), and the mean wind speed was 3.1 m·s -1 .
o z g where g is the acceleration due to gravity, z t is the depth of the centre of the metalimnion, z g is the depth of the centre of volume and is given by z g ¼ R H 0 zAðzÞdz= R H 0 AðzÞdz, r o is a reference density, u* is the water friction velocity due to wind stress, A o is the surface area of the lake, and St is a measure of the stability of the water column and is given by
where z is positive downwards, A(z) is the cross-sectional area of the lake at each depth z, and r(z) is the density. We calculated the water friction velocity due to wind stress as
where C D is a drag coefficient, U 10 is the wind speed at 10 m, and the density of air is approximately 1.3 kg·m -3 . Our weather station recorded winds at a height of 2 m, rather than 10 m, so we assume that there is a log boundary layer and estimate the shear velocity as u Ã2 ¼ ðr air =r water ÞC Z U 2 2 , where C z ¼ C 10 f½ð1 À C 10 Þ 1=2 logð10=z a Þ=kg À2 , with k equal to 0.4, C 10 equal to 1.3 × 10 -3 , and z a being the height of the anemometer above the lake surface. For a two-layer system, surface upwelling occurs when the Wedderburn number is equal to one-half in eq. 1. It is generally true that when L N is less than order 1, surface upwelling will also occur (Imberger and Patterson 1990) . In general, there is not a simple relation between L N and Wedderburn number, and by extension, not a simple relation between L N and thermocline tilt. Hence we will derive these relationships for the special case of a two-layer system. We can show that surface upwelling in South Arm basin will occur when L N ∼1/2, if we compare the formulation of Wedderburn number and L N for the simple case of a two-layer stratification in a rectangular basin (as depicted in Fig. 4 ). Here the top layer has density r 1 and the bottom layer has density r 2 > r 1 , and the thickness of the upper and lower layers are h 1 and h 2 , respectively. The stability of the water column for this twolayer system will be
as z g = H/2 for a rectangular basin. This reduces to St = A o ·h 1 ·h 2 ·(r 2 -r 1 )/2. For the simple two-layer system, the depth of the metalimnion, z T , will simply be equal to h 1 so that L N reduces to
o H In a rectangular basin, the area A o is equal to the length L o times the width b, so that the ratio of L N to the Wedderburn number is
Thus for the two-layer case (shown in Fig. 4 ), L N and the Wedderburn number are equivalent to a factor of the ratio of the two most important cross-sectional lengths and the ratio of the bottom layer to the full depth. We note that Imberger and Patterson (1990) also compare lake number with the Wedderburn number for a three-layer system in a rectangular basin (see their eq. 5.3). Their expression is more complicated than eq. 8; however, if a lake's stratification is better represented by three layers of constant density, then it can be used in place of eq. 8. For the South Arm basin of Lake Opeongo with L o ∼ 7 km, b ∼ 1.5 km, h ∼ 10 m, and H ∼ 20 m, the ratio for the two-layer case is equal to L N /W ∼ 1.08. Therefore for South Arm basin, we can simply interchange W for L N in eq. 1 so that we expect the relationship between thermocline deflection and L N to be of the form
where K ∼ 1.08 × 0.5 ∼ 0.54, so that surface upwelling occurs when L N ∼ 0.54. We note that the constant from the right-hand side of eq. 1 is incorporated into the constant K in eq. 9. A similar but slightly more complex expression to eq. 8 can be derived for a triangular prism (see Fig. 4 ) of depth H and surface area A o as
Approximating South Arm basin with a triangular prism basin, we find that the ratio of L N to the Wedderburn number is given by L N /W ∼ 0.54, so that again we might expect a relationship of the form of eq. 9 but now with a value of K ∼ 0.54 × 0.5 ∼ 0.27, i.e., surface upwelling occurs when L N ∼ 0.27. One can similarly show for other shapes such as cones and pyramids that L N ≪ W, and hence surface upwelling occurs when L N ≪ 1. Equation 9 will hold for any lake that has an approximate two-layer stratification, with K ∼ 0.54 for a rectangular basin shape or K ∼ 0.27 for a triangular basin shape. The two-layer assumption inherent in eq. 9 arises from the theory that led to eq. 1 and from finding the relationship between W and L N (eqs. 8 and 11). To evaluate the L N throughout the 2009 field season, we use eq. 3 and the temperature data from site O3, the wind data filtered by one-quarter of the basin-scale seiche period, and the calculated thermocline depth. We then take a moving average of L N over one basin-scale seiche period to eliminate variability due to seiching. This temporally averaged L N is the only lake number that we report in this paper. If the instantaneous L N (which we do not report in the manuscript) drops below 1 for only a short time period, then this does not mean that seiching will be initiated. The wind must be blowing for more than one-quarter of the basin-scale seiche period (Spigel and Imberger 1980) . In addition, we average L N over an entire seiche period to eliminate the effects of measuring the instantaneous temperature profiles so that we get a picture of the stratification unaffected by seiching. After taking a 12 h moving average, if L N is still small, then thermocline tilting will be occurring.
Periods of temperature variability
The temperature variability time scales of interest are bounded by the buoyancy period and the basin-scale seiche period. The buoyancy period is the fastest temperature oscillation in a lake that is independently generated; any temperature variations faster than this period will likely be turbulence. The buoyancy period can be measured using T N = 2p/N, where the buoyancy frequency, N, is calculated as N 2 = g·r·dr/dz. The seiche period is the longest time scale over which you would expect to measure a temperature variation due to surface wind forcing. It can be estimated by Spigel and Imberger 1980) , assuming the lake has a twolayer stratification (as in Fig. 4) . We use spectral analysis to more accurately measure the basin-scale seiche oscillation and any other dominate frequencies in South Arm basin. To do this, we measure the power spectrum from each logger at site O3 after the six strongest westerly wind events over the period day 185 to day 245. By studying the isotherm record, we know that the basin-scale seiching either dies away or is reinforced by another wind event after about 24 or 48 h. Therefore we restrict the spectral analysis to the first 48 h after the beginning of the strong wind event. The single spectra that we present (Fig. 5) is an ensemble average of the six spectra from each depth.
Temperature inversions
There is a long history of studying observations of density inversions measured from either a mooring or rapid vertical profiler (Thorpe 1977) . For our study using RBR 1050 loggers, we define a temperature inversion to occur when the temperature difference between two vertically separated thermistors at heights z 1 and z 2 exceeds the following threshold:
Tðz 1 Þ À Tðz 2 Þ À0:03 C where the height of the thermistors are such that z 1 > z 2 . This is a fairly conservative estimate as the stated accuracy of RBR probes is ±0.002°C. The Rayleigh number compares the tendency of an unstably stratified fluid to either convect or to diffusively eliminate the unstable stratification. We use the Rayleigh number to check that a temperature inversion of at least 0.03°C can lead to overturning convection. The critical Rayleigh number that must be reached or exceeded for convection to occur is about 1.7 × 10 3 (Turner 1979) . For a temperature inversion of 0.03°C over a distance of 0.5 m in freshwater with an approximate water temperature of 20°C, the Rayleigh number is on the order of 1 × 10 7 . This number is far above the critical value, therefore these temperature inversions will likely lead to small-scale overturning convection.
Results
There are three main results from the field experiment. Firstly, the magnitude of the deflection of the thermocline is correlated to L N , consistent with previous studies and with our simplified eq. 9. Secondly, of the three sites located at the depth at which the thermocline intersects the lake bed, the site with the lowest bed slope experienced the most frequent occurrence of temperature inversion events. Thirdly, we found that the timing of temperature inversions in the nearshore benthic boundary layer is related to the magnitude of L N .
The wind speed record shows the timing of frequent strong wind events (Fig. 2a) . Early on in the record, the wind is generally easterly, whereas for the rest of the season, the wind is predominately from the west (Fig. 2b) . The largescale response of the thermocline to the wind forcing is visible in the temperature record from site O3 (Fig. 2c) where there are isotherm excursions of up to 5 m. L N dropped below 1 on a few occasions, particularly early in the season when the thermocline was weak, but also later on through the summer when the wind was blowing strongly from the west (Fig. 2d) . A spectral analysis of the temperature record from site O3 has found three spectral peaks (see Fig. 5 ). The peak at 12 h is the basin-scale seiche period, or mode 1 period, that is initiated by along axis wind forcing at the lake surface. This peak matches with the predicted basin-scale period of between 12 and 15 h, calculated using eq. 13. Recall that the wind pattern in Lake Opeongo is diurnal with peak winds typically occurring in the midafternoon. This means that under normal conditions, only two periods of seiching will occur before the next wind event re-establishes a tilted thermocline. The peak at 2.75 h is most likely either a basinscale transverse seiche (from wind forcing across the lake width) or a third-order mode, as odd modes are easier to excite than even modes by unidirectional forcing at the upper surface. The buoyancy period in the strong thermocline is in the range of T N = 100-140 s over the season. Thus the buoyancy period is smaller than the broad peak (3.8 min) at short periods (high frequencies) that we measure using spectral analysis. Any wave that has a period greater than that of the buoyancy period will be able to travel along the thermocline and intersect with the lake boundary.
We compare L N with the thermocline deflection to test eq. 9 and so determine whether the thermocline deflection is inversely correlated with L N (Fig. 6) . The correlation between L N and thermocline deflection was calculated by identifying each minimum peak (L N < 4) in the lake number record at times greater than day 165 (the timing of the development of the strong thermocline) and correlating the minimum L N value with the maximum value of Dh during the time period of the minimum peak. As predicted in eq. 9, a positive linear correlation exists with an R 2 value of 0.38, where Dh/2h 1 = 0.27L N -1 , so that the measured constant, K, is equal to 0.27. Before we compare this value with that derived earlier, we need to adjust the measured constant to take account of the fact that we have only measured Dh and not Dh*. Our field observations do not strictly follow the definition of thermocline deflection presented earlier as we did not measure the tilt over the full length of the lake, L o , but rather over the shorter length, L. The ideal measure of thermocline deflection is denoted as Dh* and our field measure of thermocline deflection is denoted as Dh (see Fig. 4 ). Using geometrical arguments,
Therefore our measured thermocline deflection will be underestimating the actual deflection predicted by eq. 1. Equation 14 holds for a rectangular basin and will hold for a tilted thermocline in the triangular prism approximation as long as Dh is measured offshore of the place where the downwelling thermocline intersects with the sloping bottom. From eq. 14, Dh* = Dh/0.7, so that for our measured data, K ∼ 0.27/0.7 ∼ 0.38. Therefore our measured constant, 0.38, falls between the value derived using the simple triangular lake geometry, 0.27, and that derived using the simple rectangular geometry, 0.54. Hence we can use L N as an indicator of upwelling in Lake Opeongo and in other medium-sized lakes that have a stratification that can be approximated by two layers (as in Fig. 4) . The identification of temperature inversions in the nearshore water column enables knowledge of the spatial and temporal occurrence of environmental variability, an important factor that can effect biological growth and diversity (McCabe and Cyr 2006) . We define individual temperature inversions using eq. 13. The number of temperature inversions at each depth for each inshore fast-response thermistor site (I1, I2, I3) over a 12 h period is shown as a contour plot of temperature inversions per 12 h (Fig. 7) . The data is only for the 50-day time period when the thermocline intercepts the lake boundary at about 9 m (days 165 -215). Most of the temperature inversions exist in the bottom 2 m of the lake at all three sites (which is also where any mixing is most likely to be able to enhance nutrient fluxes; MacIntyre et al. 1999) . Although the vertical location of temperature inversions is similar for the three sites, the number and fre- Fig. 7 . Contour plot of the number of temperature inversions with depth from the beginning of stratification to the time at which the thermocline grew to depths greater than the deepest inshore thermistor: (a) site I1, (b) site I2, and (c) site I3. The scale has been restricted to the range 0-100 as there are occasionally times when up to 300 events occur in 12 h at site I1.
quency of the temperature inversions is quite different. Site I1 has the largest number of temperature inversions and also the greatest frequency of inversion occurrence (Fig. 7a) . In stark contrast, site I2 has only one major occurrence of temperature inversion activity. Site I3 has a moderate number of temperature inversions, with a frequency slightly less than that of site I1. On the one occasion in the temperature inversion record when an easterly is blowing at more than 4 m·s -1 (day 169), the response at site I3 is stronger compared with that at site I1. However, this does not provide enough evidence to comment on whether the benthic nearshore region at the upwind end of a basin will have a larger amount of temperature inversions compared with the downwind end. Overall, one may have expected similar temperature inversion occurrence from sites I1 and I2 due to their common location in the west basin; however, two important differences exist. I2 is situated above a relatively steep slope of 8%, whereas site I1 is situated above a slope of only 1%. Secondly, site I1 is aligned with the major along-lake axis, whereas I2 is slightly south of the main axis (Fig. 1) . Considering the response (or more correctly, the lack of response) from site I2, we suggest that the number of temperature inversions recorded in the water column for any nearshore location is likely to be a function of bottom slope and location relative to the major lake axis.
Interestingly, we measured no temperature inversions at the thermocline of the offshore fast-response thermistor site (site O3). In larger lakes, temperature inversions due to velocity shear have been measured in the pelagic thermocline (Preusse et al. 2010) ; however, we expect that the shear in Lake Opeongo may not be strong enough to energize 0.03°C temperature inversions at the thermocline (Horn et al. 2001 ). In comparison, P. Pernica, M. Wells, and S. MacIntyre (unpublished data) found temperature inversions on the order of 0.002°C in the offshore epilimnion of Lake Opeongo. The epilimnion temperature inversions were correlated to periods of mixing of the epilimnion, whereas times of no temperature inversions correlated with weak stratification.
To help understand when to expect temperature inversions in the nearshore benthic region, we compare L N with the temperature inversion record. Specifically, we compare L N with the percentage of time in 3 h that the instrumented water column at each site contains at least one temperature inversion (Fig. 8a) . The thermocline was beginning to form around day 165, so L N calculations before this time tend to give very low values due to very weak stratification and will not necessarily be associated with surface upwelling because a well-defined hypolimnion has not yet developed to upwell. Therefore we only present this comparison for between days 165 and 215 (when the thermocline increases to depths below the maximum depth of our sites). We find that the largest L N for which we measure a temperature inversion in the nearshore region is~5, and that on the steep slope (∼8%), L N had to drop below 1.8 before temperature inversions where measured there. In addition to comparing L N for 3 h periods that contain inversions (Fig. 8a) , we also find L N s for periods Fig. 8. (a) Plot of the percentage of time in 3 h that the water column contained temperature inversions, (b) histogram of the percentage of entire time when the water column is stable, (c) the number (n) of data points for each value of lake number (LN). In both (a) and (b), the data are plotted against the minimum LN from the previous 12 h. The solid and dashed black lines in (a) indicate the LN below which temperature inversions are present for at least 50% of the time at sites I1 and I3, respectively. The dashed grey line indicates the largest value of LN for which we measure any temperature inversions at site I2.
when there were no inversions and present this data as a histogram (Fig. 8b ). The y axis shows the percentage of time that had no temperature inversions and coincided with a particular L N (on the x axis). We see that about 50% of this notemperature-inversion data occurs for L N > 2.5, and that if L N ≤ 1, there is a 90% likelihood that there will be temperature inversions in the nearshore region. Therefore we learn that L N < 2.5 before there is a 50% chance that temperature inversions will be measured at sites I1 and I3 and that L N < 1.8 for temperature inversions to be found at site I2 (slope of 8%) (Fig. 8) . The inshore sites that were studied in this paper are all situated along the western or eastern shores, specifically, the shores that are aligned with the major wind and lake axis. A site that is on the northern or southern shore (aligned perpendicular to the major wind and lake axis) will likely not behave in a similar manner. The dynamics for these sites will probably be dominated by any motion oriented north to south. The greatest seiches will occur in the direction of the wind.
Finally, we analyze the temperature inversion data to understand which mechanism, breaking internal waves or shear-induced convection, is driving the production of temperature inversions. To do this, we study, on the scale of hours, the detail in the timing of the temperature inversion events, the history of the local temperature trend, and the displacement of isotherms by internal wave motions. We plot the timing of each temperature inversion from sites I1 and I3 (Fig. 9a, black and grey, respectively) against a running summation of these events on the y axis. This comparison is made at the depth of maximum response for each site, which is between heights of 1.5 and 2 m for site I3 and between 0.5 and 1 m for site I1. The vertical lines are spaced at 6 h intervals. Under the shear-induced convection process, temperature inversions will be found during that part of the seiching cycle when there is upslope flow. Upslope flow (occurring alternatively at each end of the basin after a strong wind event has ended) will last for up to half the basin-scale seiche period. We clearly see temperature inversions lasting in the east for up to approximately 6 h, then temperature inversions lasting for up to 6 h in the west (Fig. 9a) . However, we observe a warming trend at 0.5 m above the sediments for the times preceding and coinciding with when we measure temperature inversions (Fig. 9b) . Warming at this depth is indicative of a downwelling and therefore downslope and not upslope flows. Thus, for this period of time, we can conclude that shear-induced convection is not the cause of these temperature inversions. Next we examine the thermocline tilt and isotherms from site O3 (Figs. 10a and 10b ). We show 2 and 1°C isotherm contours over a 6.5-day period. Periodic basin-scale seiching forced by daily winds are seen at the beginning of this record in the form of isotherm excursions of 2 m or more. The diminished thermocline tilt during day 196 indicates a significant reduction in surface wind forcing. During this time, the energy from the previous seiche dissipates, as seen by the decreased vertical excursion of the isotherms. During day 197, the wind increases again and another seiche is initiated. Using the initial, diurnally forced sign of the thermocline tilt as an indication of the wind direction that set up the initial tilt, we deduce that the wind forcing during the 6.5-day period was periodically from the west. Therefore the relaxation of the thermocline from these wind events will initially cause downslope flow in the western basin and upslope flow in the eastern basin. We observe high-frequency waves near the peak isotherm displacement for each basin-scale seiche (Fig. 10b) . Four particular occasions are highlighted and labeled (see Fig. 10b ) and presented in higher resolution (Figs. 10c-10f) . Contours of 1°C show the occurrence of high-frequency waves with periods between 2.6 and 3.6 min within the broad high-frequency peak of the spectral energy we measured using spectral analysis (see Fig. 5 ). Three of the high-resolution isotherm periods show highly correlated high-frequency waves with isotherm excursions of up to 1 m (Figs. 10c, 10e, and 10f ), whereas the fourth shows high-frequency oscillations that are at most 0.5 m high (Fig. 10d) . The 6.5-day sections shown to highlight the relationships between temperature inversions and up-and down-slope currents ( Fig. 9) and thermocline deflection and high-frequency waves (Fig. 10) are representative of the data seen in the remainder of the record and lead us to the conclusion that in the nearshore benthic region, high-frequency internal wave breaking is the mechanism causing the temperature inversions. This result will be discussed further in the next section.
Discussion
The Stevens and Lawrence (1997) relationship between thermocline deflection and Wedderburn number has been recast into a relationship between thermocline deflection and lake number, Dh*/2h 1 = KL N -1 , where the value of K de- pends on the lake bathymetry. For the simple rectangular two-layer model, there is almost no difference in K between the W and L N usage. However, for a basin shaped like a triangular prism, the value of K in the L N relationship drops to 0.27 and will be even lower for a pyramid-or cone-shaped bathymetry. Our main result concerns the temperature inversions that we observe in the nearshore benthic boundary layer due to upwelling events. The temperature inversions occur only when L N < 5. Specifically, we find the physical mechanism causing the inversions to be due to high-frequency waves travelling on the basin-scale seiche. Knowledge of the temporal and spatial temperature variability in the nearshore benthic region enables predictions to be made about the potential impact on the biology that may be either positively or negatively affected by the variable conditions. We have re-cast eq. 1 by making a two-layer stratificaiton approximation, so that it describes how the thermocline deflection may be easily estimated from L N (the approximation is valid for Lake Opeongo and any other lake that has a thermocline thickness that is a small fraction of the total lake depth). The thermocline deflection is described by the relationship Dh*/2h 1 = KL N -1 , similar to the Wedderburn parameterization discussed in Stevens and Lawrence (1997) . Stevens and Lawrence (1997) noted that the value of K would approach 0.5 for a rectangular two-layer basin but expected that it would be quite different for other basin geometries and stratifications. We have measured K to have a value of 0.38 in the South Arm basin of Lake Opeongo. Theoretically, we determined K ∼ 0.54 for a two-layer density profile in a rectangular basin or K ∼ 0.27 for a two-layer density profile in a triangular basin. The hypsometric curve for Lake Opeongo is similar to that of a triangle, so not surprisingly, our measure of K falls between the rectangular and triangular basin formulation.
Temperature inversions in the nearshore benthic region occur when averaged L N <~5; however, they occur consistently (at least 50% of the time) if L N < 2.5. Given that the temperature inversions are caused by high-frequency waves that travel along the basin-scale seiche, we expect that the benthic region in depths less than 10 m will experience temperature inversions during either an up-or down-welling. The important question is whether the temperature variability that we observe is due to internal waves or shear-induced convection, as both are predicted to occur when L N is small and the deflection of the thermocline is large. As outlined in the previous section, we have found evidence of high-frequency internal waves on the seiching thermocline. The frequency of these high-frequency waves is lower than the buoyancy frequency, and therefore they are able to travel along the seiching thermocline and intersect with the nearshore benthic boundaries (Preusse et al. 2010 ). Previous work shows that when high-frequency waves intersect with the boundary, they cause temperature inversions (Lorke 2007) . The data also show that Lake Opeongo in 2009 could have occupied a regime in which nonlinear steeping was possible (Horn et al. 2001 ) (a regime in which viscous damping prevented nonlinear steepening was the other possibility). Our observations of high-frequency waves forming on the basin-scale seiche are consistent with similar studies on other medium-to largesized lakes in Europe (Lorke 2007 ) and the Middle East (Boegman et al. 2003 ). Therefore we conclude that highfrequency internal waves are the cause of the small-scale temperature variability that we measure in the nearshore benthic region. The question remains: what causes the variable number of inversions in the nearshore benthic region? Understanding the cause of the variation between our three inshore sites is essential to extending these results to other lakes.
We alluded to two possibilities to explain the different number of temperature inversions measured in the previous section, that of different bottom slopes and position relative to the major lake axis. There is evidence that both causes will play a part. In a modeling study of shoaling internal waves on a sloping bottom, Aghsaee et al. (2010) found that steeper bottom slopes reflect a larger percentage of the incoming wave energy. Hence, shallower slopes have a greater amount of mixing and the resulting turbulence will be associated with greater numbers of temperature inversions. This is in agreement with the small number of sites with different bottom slopes that were in this study. We observed that the site with the shallowest slope (site I1) produced the largest number of temperature inversions, the site with the moderate slope (site I3) produced a smaller number of inversions, and finally the site with the largest slope (site I2) produced the fewest inversions. Recall that high-frequency waves that have formed on the basin-scale seiche will only impact the benthic region that is part of the washing zone of the tilting thermocline. The washing zone is the area of the lake boundary that encounters the thermocline during its seiching movements. The lateral distance that the washing zone covers can be calculated simply if the length of the lake is much bigger than the washing zone and if the bottom slope and thermocline deflection is known. The along-slope washing zone distance, x wz , will be ð15Þ
where s is the dimensionless slope (rise/run) of the benthic region. For our three inshore sites, we therefore find that for a given thermocline tilt, Dh*, the washing zone at site I1 (300·Dh*) > site I3 (75·Dh*) > site I2 (12.5·Dh*). A larger washing zone will mean that there is a greater area over which high-frequency waves that have formed on the basinscale seiche will intersect with the nearshore benthic boundary. As eq. 15 shows, the size of the washing zone depends on two things: the thermocline tilt and the bottom slope. As shown, a shallow bottom slope will increase the washing zone distance. Similarly, a large thermocline tilt will increase the washing zone distance. The largest thermocline tilt will occur for regions that are aligned with the major wind axis.
Regions that are well off this axis will "see" a smaller tilt. A region that is exactly at the pivot point of the thermocline's tilt will not see any thermocline deflection. (In the field, this situation is highly unlikely given the nonsymmetrical shape of most lakes; however, it serves to complete the picture.) Therefore, the cause of the variable number of temperature inversions will be related to bottom slope and location relative to the major axis. The sites that will experience the largest number of temperature inversions will tend to be those situated above a shallow slope and close to being located along the major lake axis. If a site possesses less than two of these key parameters, the result will likely be a reduced number of temperature inversions, as evidenced by the response from site I3 and, more strongly, site I2. We have shown that in Lake Opeongo, high-frequency internal waves are generated by lake seiches. These high-frequency waves are able to travel along the seiching thermocline and likely encounter the nearshore benthic boundary, where they break and cause small-scale temperature inversions. Based on the results from the 2009 field season, we expect that the greatest number of temperature inversions may occur in regions of the washing zone that have bottom slopes below 4% and that are aligned with the main axis of the wind. We expect the temporal occurrence of temperature inversions to be dependent on L N being below a critical value: <5 for shallow or moderate slopes (1%, 4%, respectively) and <1.8 for steep slopes (>4%).
During summer periods, many lakes on the Canadian Shield are likely to have a similar summer temperature stratification whereby surface waters are close to 20°C and deep waters are near 8°C. Hence, the main difference in L N between lakes will be due to wind speed and the fetch. Smaller and sheltered lakes are unlikely to ever experience low L N and the associated large upwellings, whereas a larger lake that is less sheltered would experience more frequent periods with low L N . In South Arm basin, the fetch was approximately 7 km, and for typical summer stratifications, a wind speed of 4 m·s -1 corresponded to a L N of 2 for strong upwelling and the occurrence of the associated temperature inversions. A larger lake would need a lower wind and a smaller lake would need a higher wind speed for similar upwelling. Our future research will focus on measuring the dissipation of turbulent kinetic energy in the nearshore benthic region during periods of high and low surface wind forcing.
In conclusion, we outline the data and equations that you will need to estimate upwelling and the likely regions of temperature variability. To calculate L N , you will need a thermistor string near the centre of the lake to measure the temperature profile and thermocline depth, detailed bathymetry to measure the centre of volume, z g , and the stability of the water column, St, surface winds speeds to measure the stress along the water surface, u* 2 , and eq. 3. Alternatively, an estimate of thermocline depth and stratification, along with bathymetric data, will enable predications regarding the required strength of the wind forcing before a value of L N ≈ 1 is reached. If historic local wind data are available, the percentage of time that these wind speeds are achieved (wind would need to be blowing for at least one-quarter of the basin-scale seiche period; Spigel and Imberger 1980) can be calculated, and therefore an estimate of the percentage of time that you would expect to have large upwellings in the lake. With a rough estimate of L N , eq. 9 can be used to estimate the thermocline tilt, or it is possible to measure the thermocline tilt directly if there is a thermistor string at opposite ends of the major wind axis of the lake. Be sure to use the ratio outlined in eq. 14 to convert measured tilt, Dh, into the tilt across the full length of the lake, Dh*. Slope can be measured using the bathymetric data. Measure how much the depth of the lake bottom changes over a given distance (rise/run). Knowing the L N , slope and alignment to the major wind axis will point to regions of the nearshore benthos that are most likely to experience temperature variations and the temporal frequency of these variations. Calculating the length of the washing zone, x wz (eq. 15), informs as to the area over which you would expect the temperature inversions to occur.
